Porous asphalt presents a fine pellicle of bitumen in the aggregates coating. Cellulosic fibres avoid the binder drainage. The cellulosic fibres addition in porous asphalt is an eco-friendly solution. Porous asphalt with cellulosic fibres show good results to permanent deformation. 
Introduction
The cities growth, relating to population and infrastructures, has been leading to a progressive soil waterproofing [1] . This, associated with extreme climate changes, increases the floods and droughts associated risks, since it reduces the most favourable area for water infiltration [2, 3] . This occurrence affects the urbanization hydrologic factors by increasing the surface runoff, the water quality deterioration and concentration of pollutants, reducing groundwater recharge [4] [5] [6] [7] [8] [9] . The porous asphalt use in surface layers of road pavement is one of the solutions used worldwide to decrease the caused effects.
The porous asphalt can be applied both in conventional pavements with impermeable base layer, and also in permeable pavements with a fully constituted structure by porous layers [10] [11] [12] [13] .
In addition to the effects associated to surface runoff improvement, the application of these mixtures allows the decrease of the urban heat island effect, reduce the tires noise, the surface runoff and, consequently, the spray effect and aquaplaning, leading to a safer driving [14] [15] [16] . Noise reduction is also improved by the increase of porous asphalt air voids content with the help of the aggregates optimized sieve line [17, 18] . Their disadvantages are, on the one hand, the load capacity reduction, mainly in permeable pavements, and on the other hand, periodic maintenance due to clogging, concerns that still are an investigation object [19] [20] [21] [22] [23] [24] .
The porous asphalt first generations were produced with high binder percentages to allow a better connection between the aggregates, emerging however, its hardening problem due to the mastic low amount [17] . Thus, nowadays, there are used polymer modified bitumen with differentiating characteristics, such as elasticity, aging resistance and plastic deformations, good adhesiveness with the aggregates and the low thermal susceptibility [25] [26] [27] .
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The problems related to environmental issues have motivated the research about eco-friendly materials. This fact combined with the relatively high binder percentage and with the need to improve the mixtures durability has led to the additives incorporation like the fibres, not only in asphalt mixtures but also in stone matrix asphalt and asphalt concrete. A wide variety of fibre types has been used in asphalt mixtures, including cellulose, mineral, synthetic polymer, glass fibres, newsprint, carpet fibres and recycled tire fibres [28] [29] [30] [31] [32] [33] [34] [35] [36] . Cellulosic fibres are the most commonly used additives [37] [38] [39] [40] [41] [42] . The current study uses cellulosic fibres to improve porous asphalt performance. These fibres present a set of important advantages, such as wide availability at relatively low cost, recycling ability, biodegradability, non-hazardous nature, zero carbon footprint, and interesting physical and mechanical properties (low density and well-balanced stiffness, toughness and strength) [43, 44] . One of the main objectives of cellulosic fibres is to stop binder drainage preventing its loss during storage and transport [45] .
Thus, this research objective is to evaluate the porous asphalt performance incorporated with cellulosic fibres compared to porous asphalt without cellulosic fibres, named conventional. The mix design was initially performed for the four mixtures studied and the percentage influence of the fibres to be used. Subsequently, the performance was evaluated through laboratory tests of indirect tensile stiffness modulus, water sensitivity, permeability and permanent deformation. With this solution it is intended to develop resilience and adaptation better practices to the increase of extreme climate changes and respond to the sustainability current demands, through the eco-friendly materials use.
Materials and methods
The study began with the used materials characterization in the porous asphalt production. Then, it was performed the mix design study through the Cantabro test. Finally, the performance tests described in methods were performed.
The surface layer solution proposed in this article consists of a double porous layer in order to improve surface runoff and reduce the clogging problem [21, 25] . Thus, in practice, it is first applied layer with coarse aggregate, which increases the air voids content, then the layer with fine aggregate that offers greater comfort to the wearer, reduces noise and at the same time has drainage capacity [25] . These two mixtures were produced without cellulosic fibres (PA01 with fine aggregate and PA02 with coarse aggregate) and with cellulosic fibres (PA1 with fine aggregate and PA2 with coarse aggregate).
Materials
This paper presents the four porous asphalt mixtures study composed of granitic origin natural aggregates, fillers, polymer modified bitumen and cellulosic fibres as an additive.
Additive
The cellulosic fibres used are granules made of natural cellulose fibres with bitumen mixture, traded with the name of Viatop Premium by JRS, J. Rettenmaier & Söhne. Viatop Premium is a pelletized blend of 90% by weight of ARBOCEL ZZ 8/1 and 10% by 50/70 bitumen weight. These fibres may be used as additives in bituminous mixtures, in order to improve their characteristics, increasing its durability and performance. The fibres bituminous coating guarantees a quick and complete dispersion in the mixture having a stabilizing effect due to a dense three-dimensional fibre network. Since the porous asphalt has a structure with few fines and, consequently, a smaller contact surface between the coarse aggregates, the use of cellulosic fibres aims to increase the amount of mixture bitumen without checking drainage. These allow, on the one hand, the bituminous binder retention and, on the other hand, help the aggregates coating, meaning the formation of a bituminous layer with constant thickness. Thus, cellulosic fibres avoid the mastic efficacy loss. The detailed characterization is presented in Table 1 .
Binder
The binder used in the porous asphalt production was PMB 45/80 Polymer Modified Bitumen, traded with the name of Elaster BM-3b, by CEPSA Portuguesa Petróleos, SA, indicated for porous asphalt and stone mastic asphalt use. This modified bitumen was obtained by a chemical reaction between a hydrocarbon binder and an elastomeric polymer, according to EN 14023 standard. The range of temperatures recommended for the mixing is between 155 to 165°C and the compacting is between 150 to 160°C.
The bitumen characterization was based on the penetration test (EN 1426), with measured penetration value of 53 dmm, the softening point test (EN 1427), with measured value of 63.2°C, and elastic recovery (EN 13398) with a result higher than 70%.
Particle size distribution determination
This investigation was developed with natural aggregates of granitic origin due to these materials abundance in the central region of Portugal. The used granites were of different fractions (stone dust, 5/10 gravel and 5/15 gravel). In addition, all mixtures incorporated hydraulic lime. However, new solutions have emerged as an alternative to fillers used in porous asphalt, such as waste bleaching clay, leading to good results [46] . The aggregates particle size analysis was performed according to the sieving method, EN 933-1 standard. In order to obtain a particle size with bigger nominal size of aggregates (coarse) and other with smaller nominal size (fine) due to double porous layer, two different grading envelopes were adopted. The PA 12.5 grading envelope was used for the mixture with coarse aggregates, according to the Portuguese Road Administration specifications [47] . Since these specifications do not include any other envelope for porous asphalt, PA 8 grading envelope was adopted for the mixture with fine aggregates, defined in Switzerland SN 640 431-7NA and 430a standards. Regarding the grading envelopes adopted, Fig. 1 shows the grading curves of each aggregate, with the exception of hydraulic lime which passes 100% in all sieves.
Methods
The experimental program began with the two porous asphalt mixtures study (coarse and fine) using the PBM 45/80 modified bitumen. These were formulated as surface layers, meeting the requirements of Table 2 according to the Portuguese Road Administration [47] , the Spanish Road Administration [48] and Switzerland SN 640 standard. Studies by University of New Hampshire Stormwater Center (UNHSC) [49] and the Federal Highway Administration [21] were also considered, indicating different air voids content from the established in Portugal for these mixtures. Thus, these foreign references were considered due to recently demonstrated experience.
After selecting the optimum bitumen percentage of mixtures, the influence of the addition of cellulosic fibres was analysed. Through the binder drainage test was selected cellulosic fibres percentage that had the lowest drainage. Later, two porous asphalt mixtures were done with the cellulosic fibres adopted percentage. The four studied mixtures performance was evaluated by the stiffness, water sensitivity, permeability and permanent deformation.
Optimum bitumen percentage for the mixtures without cellulosic fibres
The porous asphalt mix design, PA01 (porous asphalt with fine aggregates, without fibres) and PA02 (porous asphalt with coarse aggregates, without fibres), was obtained by meeting the grading envelopes and the determination of the initial bitumen percentage (with ±0.5%) through the aggregates specific surface area. The selection of optimum bitumen percentage was obtained by meeting the stablished requirements in Table 1 . For this purpose, there were produced eight cylindrical specimens Marshall and bulk density tests were performed according to EN 12697-6 (procedure D) and air voids content according to EN 12697-8. Cantabro test was carried out according to EN 12697-17 and Spanish NLT 362 standard. This test allows to determine the four specimens maintained in air particle loss (PA) for 48 h at 25°C, and of the four specimens maintained in water particle loss (PS) for 24 h at 60°C and then heated for a further 24 h at 25°C. The test was carried out in Los Angeles equipment, with 300 rotations, without metal balls. The PS results for each bitumen percentage must meet the stablished requirements for the Cantabro test.
Cellulosic fibres influence by the Schellenberg method
The aim of the cellulosic fibres use is to obtain discontinuous and porous mixtures with relatively high binder content, with any observation of the binder drainage while being stored and/or transported. The cellulosic fibres addition does not allow dissimilarities appearance in the applied layer characteristics, such as very different air voids content and consequent premature degradation. The cellulosic fibres retain the binder and favour aggregates coating, leading to mixtures higher performance and durability. Given this situation, in mixtures with fibres addition, it was chosen the use of a higher bitumen percentage.
The cellulosic fibres influence was analysed by determination of the porous asphalt binder drainage by Schellenberg Method according to EN 12697-18 standard. The mixtures were made with different cellulosic fibres percentages ranging from 0.0, 0.2, 0.4 and 0.5% (recommended limit by the manufacturer). The procedure consisted of producing three mixtures specimens for each fibres percentage by heating them for 60 min at the test temperature, in this case 180°C. Through the waste mixture weight ratio after the 60 min heating and the mixture weight immediately after being produced, the binder drainage percentage is obtained. The final result was the three specimens average made by percentage of fibres used.
Mixtures with cellulosic fibres characterization
After selecting the percentage of the most appropriate fibre to porous asphalt mixtures produced in the previous section were characterized both porous asphalt mixtures with fibres PA1 (porous asphalt with fine aggregates, with fibres) and PA2 (porous asphalt with coarse aggregates, with fibres). The properties determined to bulk density, air voids content and particle loss by Cantabro test, wet and dry.
Stiffness
The stiffness was obtained by Indirect Tensile Stiffness Modulus (ITSM) performed according to EN 12697-26 standard, using Nottingham Asphalt Tester (NAT) equipment. Six cylindrical specimens were made, with an impact compactor by applying 50 blows in each side, for each of the optimum bitumen percentage of the four porous asphalt mixtures, totalling 24 specimens, with about 100 mm diameter and different heights. The test was performed in tension controlled conditions through deformation evolution. The test conditions were: 20°C test temperature, 0.35
Poisson's ratio, 124 ms rise time and a 5 lm target peak transient horizontal deformation.
The stiffness was obtained through the application of ten repeated loads to each test specimen, in diametric and orthogonal directions, and by measuring the respective recorded transient deformations by LVDT sensors (Linear Variable Displacement Transducer).
Water sensitivity test
The water sensitivity evaluation to porous asphalt is important, because this is a property that is directly related to the mixtures performance and durability during the pavement life time. The water sensitivity test was performed according to EN 12697-12 standard. Six cylindrical specimens were made for each optimum bitumen percentage by applying 50 blows in each side. These were separated into two groups. The dry specimens were maintained in air at 20°C for a period of 68 to 72 h. The wet specimens were previously subjected to vacuum in water for during 30 min under an absolute pressure of 6.7 kPa followed by water bath at 20°C of 68 to 72 h. Then, the two groups were tested to indirect tensile strength, according to EN 12697-23 standard, with a load applied at a 50 mm/min constant velocity. The water sensitivity test results are Indirect Tensile Strength Ratio (ITRS) by EN 12697-12 and Tensile Strength Indirect (ITS) by EN 12697-23.
Permeability test
Permeability is one of the most important characteristics in porous asphalt. This is the property that provides infiltration and storage by allowing the control of the stormwater runoff.
In this study, it was used a variable load device, similar to the LCS permeameter (Laboratorio de la Cátedra de Caminos de Santander) developed in Spain, to perform the permeability test, vertical and horizontal, into cylindrical test specimens compacted in the laboratory. The vertical permeability represents a unidirectional flow vertical and the horizontal permeability represents the flow conditions occurring during a rainfall. The EN 12697-19 has a different permeability measuring permeameter. However, the permeability coefficient for both permeameters is determined based on Darcy's law, according to the Eq. (1).
where k is the permeability coefficient (m/s), a is cross section area of standpipe (m 2 ), A is cross section area of specimen (m 2 ), L is height of specimen (m), Dt is time interval taken for water in the standpipe to fall from h 1 to h 2 (s), h 1 is the head at the beginning of time measurement (m) and h 2 is head at the end of time measurement (m).
This law assumes that the specimen was saturated, it was homogeneous and the flow was laminar. Several authors question the Darcy's law applicability stating that the flow in porous asphalt is turbulent [50] [51] [52] . In this study it was used the permeameter based on Darcy's law due to its simplicity and to the lack of equipment that takes into account the turbulent flow in the specimens. In the variable load device used the permeability was measured by the time it takes to drain a 1735 cm 3 water volume through porous asphalt. For each mixture optimum bitumen percentage were produced four cylindrical specimens.
Resistance to permanent deformation
The resistance to permanent deformation for four mixtures was assessed by the Wheel Tracking Test, according to the EN 12697-22 standard, using a small device and the B procedure (in air). Two slabs were prepared for each mixture with 30 Â 30 Â 4 cm dimensions, compacted with a vibratory compactor. The test began after 7 days of curing time. The test execution temperature was 60°C and the slabs were conditioned at the same temperature, before the test during a minimum time of 4 h. The load applied was 700 N at a frequency of 26.5 ± 1.0 load cycles/min. The test ended after 10,000 cycles were applied. The parameters obtained for this test were the Wheel Tracking Slope in air (WTS AIR ) and the mean Rut Depth in air (RD AIR ).
Results and discussion

Optimum bitumen percentage analysis for the mixtures without cellulosic fibres
The composition of PA01 and PA02 mixtures study are shown in Table 3 and particle size distribution in Table 4 . Both tables include porous asphalt mixtures with fibres (PA1 and PA2), since the particle size depends only of aggregates and does not depend on the additive percentage. From the analysis of Table 4 it was verified a failure in the sieve size of 8 mm for porous asphalt with fine aggregates and 10 and 2 mm sieve size for porous asphalt with coarse aggregates. This was due to the aggregates grading curve which comprises the mixtures, which could not fit in the grading envelope ensuring the most important air voids content requirement. Thus, it was decided to ensure the mixtures air voids content despite of the grading envelope occasional failure.
The results of bulk density, air voids content, dry and wet Cantabro test are represented in Table 5 . Both porous asphalt mixtures meet the minimum bitumen percentage and air voids requirement of 16% according to the FHWA and UNHSC, as well as the result of the wet Cantabro test. For PA01 mixture was adopted an optimum percentage of 4.7%, because it presented the best visual aspect and total aggregates coating. For PA02 mixture was considered the optimum bitumen percentage of 4.6% since it presents the lower result value of wet Cantabro test.
Cellulosic fibres influence by the Schellenberg method
The mixtures production with cellulosic fibres addition was carried out with the highest percentages of bitumen obtained in the mix design of the mixtures without fibres. This choice was due to the binder retention capacity on the fibres part, preventing the mixtures dry aspect. Thus, the 5.2% and 5.1% bitumen percentages were used for porous asphalt containing more fine aggregates (PA1) and coarse aggregates (PA2), respectively, varying the amount of fibres at 0.0, 0.2, 0.4 and 0.5% (recommended limit by the manufacturer). The obtained results by Schellenberg method are shown in Fig. 2 . It was observed that overall, the binder drainage decreases as the percentage of cellulosic fibres increases. It was found that the PA2 mixture obtained more binder drainage than the PA1 mixture, independently of the used fibres percentage. This may be due to the aggregates use with a bigger nominal size (smaller specific surface area) as well as the use of a more discontinuous grading curve. The use of 0.5% cellulosic fibres for PA1 and PA2 mixtures showed a reduction of 0.2 and 0.3%, respectively, comparing to mixtures with 0.0% fibres. Taking into account the results, the selected percentage of cellulosic fibres as the most suitable for both porous asphalt was of 0.5%. The performance tests presented bellow characterize these mixtures and the mixtures without cellulosic fibres.
Mixtures with cellulosic fibres characterization
The properties shown in Table 6 were studied for porous asphalt with 0.5% cellulosic fibres, value considered the most appropriate in the previous section. The two porous asphalt mixtures with fibres comply with the requirement of 16% air voids content according to the UNHSC and FHWA. Regarding the Cantabro test results, specimens in water (PS) showed more significant losses than the dry test specimens (PA), however, remains within or near the given limits. These particle losses can be explained by the water temperature of 60°C which influences the disaggregation resistance.
Stiffness results
The results presented in Fig. 3 indicate the average of the six test specimens by mixture. The stiffness modulus for the two mixtures groups (with and without cellulosic fibres) presented very similar values between them. Note that the PA1 and PA01 mixtures showed a stiffness slight decrease of about 12.2% compared to PA02 and PA2 mixtures, due to its structure with more mastic, absorbing better the induced stresses. Fig. 4 shows the results of the water sensitivity test. The dry specimens show higher ITS values as expected due to the presence of water at 40°C in the wet specimens, showing more for the porous asphalt containing more fine aggregates. Small differences are found in the four mixtures ITSR values, around 8%. It was observed that porous asphalt containing more fine aggregates, PA1 and PA01 are more susceptible to the water presence than mixtures with coarse aggregates. The PA02 and PA2 mixtures have more air voids which allow water to pass easily leading to ITSR higher values. The SN 640 standard indicates a value for porous asphalt above 70%. Porous asphalt studied did not accomplish this limit, but the results are very close to this value.
Water sensibility results
Permeability results
Analysing the results of Figs. 5 and 6 it can be seen that the flow time is inversely proportional to the permeability coefficient. The PA02 mixture had a lower flow time than the PA01 mixture, because their internal structure had more air voids content and it allowed water to pass through more quickly. The PA1 and PA2 mix- tures did not follow this trend and it was verified a slight increase in the flow time for the PA2 mixture, noting that this mixture was less permeable than the PA1 mixture, a situation which can be due to a deficiency in the specimens sealing with the permeameter, since they have very similar air voids content. Comparing the mixtures with and without cellulosic fibres addition was observed that PA01 and PA02 had lower permeability, in vertical of 19 s and horizontal of 10 s, than PA1 and PA2. In this case, it was evident that the fibres presence in the mixtures allowed the binder absorption, preventing that it remains dispersed, occupying the air voids content. The PA1 mixture provides the best results for the water flow, being the PA01 mixture the one that shows the lowest values, result of the high flow time. This was due to the big number of fine aggregates in the mixture interfering with their permeability. Fig. 7 shows the obtained results for number of cycles rut depth for both porous asphalt mixtures with and without cellulosic fibres addition. In this figure, it is possible to observe the effect of the cellulosic fibres addition on the different mixtures permanent deformation performance. Both PA1 mixture and PA2 have shown an improved performance in terms of rut resistance, as it can be observed by the curves with lower rut depth. These good results are related to the improvement of the bitumen/aggregate adhesion, provided by the additive. In this case, it can be concluded that cellulosic fibres do not increase the porous asphalt susceptibility to the permanent deformation. Table 7 shows the results obtained in the Wheel Tracking tests, according to the main parameters that characterize their resistance to permanent deformation. Note that the slabs air voids content was higher than those obtained in the Cantabro test, referring to the difference in the compaction method. It is observed in Table 7 , that the cellulosic fibres effect is slightly larger in PA1 than in PA2 due to its structure with less air voids and by the WTS AIR value reduction. In PA01 mixture is possible to see better that composition influence. In porous asphalt without fibres it was found that the bitumen worked as a lubricating in the aggregates links, increasing the RD AIR . The PA02 mixture showed the highest RD AIR and the lowest WTS AIR , due to the fact that between 5000 and 10,000 cycles, the deformation is almost constant, varying only 0.47 mm. This demonstration can't be observed in the figure due to the lines of logarithmic trend representation, which facilitated the curves tracing.
Resistance to permanent deformation
In this study, it was clear the improvement of the resistance to porous asphalt with fibres permanent deformation, with bitumen higher percentages than the conventional porous asphalt. This bitumen increase leads to a bigger mixtures durability.
Conclusions
This paper presents the performance of porous asphalt with and without cellulosic fibres addition. Through performed mix design higher bitumen percentages were obtained for porous asphalt with cellulosic fibres. The cellulosic fibres allowed to increase the bitumen percentage, enabling its retention and a better aggregates coating and, consequently, a bigger mixture durability. The tests done from this mix design allowed to obtain the following conclusions:
(1) In wet Cantabro test at 60°C it was found that the porous asphalt with added cellulosic fibres showed bigger particle loss values (11%) than the porous asphalt without this addition, satisfying, however, the established requirements. It was noted that the water temperature in this test was a significant factor in porous asphalt with cellulosic fibres behaviour. These results showed that the use of fibres in the mixtures composition improves its performance for runoff in a pavement, when compared to the mixtures without this addition. Thus, the incorporation of cellulosic fibres to absorb more binder allows the water drainage between the mixture voids. (5) In general, resistance to permanent deformation results indicated better behaviour of porous asphalt with cellulosic fibres, verifying a bigger rut depth to porous asphalt without cellulosic fibres, of 7 mm. In this study, it was observed that porous asphalt with bitumen higher percentages improve the performance to permanent deformation. This fact was only possible due to the bitumen retention by the cellulosic fibres.
In conclusion, the cellulosic fibres addition in porous asphalt leads to good results in mechanical performance, allowing the use of such mixtures with durability guarantees, good functioning and, consequently, users safety, especially in what concerns aquaplaning phenomena.
